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INTRODUCTION {#jipb12483-sec-0003}
============

Chemical modifications of DNA and proteins such as histones have been established as important regulators of gene expression, eukaryotic development and stress responses (Suzuki and Bird [2008](#jipb12483-bib-0126){ref-type="ref"}; Lawrence et al. [2016](#jipb12483-bib-0082){ref-type="ref"}). More recently, a new level of gene regulation, the epitranscriptome, or RNA modifications has gained interest and momentum. There are over 100 different RNA modifications found in different RNA species, the most abundant and most intensively studied are transfer RNAs (tRNAs) and ribosomal RNAs (rRNAs). Loss of modifications on tRNAs and rRNAs is linked to multiple human diseases (Blanco and Frye [2014](#jipb12483-bib-0013){ref-type="ref"}; Torres et al. [2014](#jipb12483-bib-0129){ref-type="ref"}) and detrimental effects on development and stress responses in other organisms, including plants, underscoring their vital roles (Motorin and Helm [2011](#jipb12483-bib-0102){ref-type="ref"}; El Yacoubi et al. [2012](#jipb12483-bib-0047){ref-type="ref"}). However, new functions and interactions are also being discovered for RNA modifications in mRNAs and other non‐coding RNAs (ncRNAs) such as long non‐coding RNAs (lncRNAs), micro RNAs (miRNAs) and other small RNAs.

Although the presence of RNA modifications such as the 5' cap structure and internal N^6^‐methyladenosine (m^6^A) in mRNAs has been known for decades (Desrosiers et al. [1974](#jipb12483-bib-0040){ref-type="ref"}; Perry and Kelley [1974](#jipb12483-bib-0106){ref-type="ref"}; Dubin and Taylor [1975](#jipb12483-bib-0043){ref-type="ref"}; Shatkin [1976](#jipb12483-bib-0122){ref-type="ref"}), the flood gates have only just been opened for a new wave of research describing other modifications and their impact on gene regulation. Several recently developed high‐throughput sequencing methods for detecting RNA modifications have allowed investigation of low abundance mRNA and ncRNAs on an unprecedented scale thereby enabling deciphering of their functions in RNA metabolism, gene regulation, translation, development and stress responses (methods are reviewed in Shafik et al. [2016](#jipb12483-bib-0120){ref-type="ref"}). Interestingly, many of the RNA modifications and the enzymes responsible for 'writing' and 'reading' the modifications are conserved across the three domains of life (Jackman and Alfonzo [2013](#jipb12483-bib-0070){ref-type="ref"}), suggesting important, conserved biological functions of this added layer of complexity and flexibility for RNA regulation.

In this article, we provide an update on the research on tRNAs and rRNAs, highlighting the discoveries in plants before discussing the recent studies investigating the dynamic role of RNA modifications in regulating the function of tRNAs and rRNAs, and the epitranscriptomic landscape of other classes of RNA, including mRNAs and lncRNAs. Continuing on from Fray and Simpson ([2015](#jipb12483-bib-0050){ref-type="ref"}), this review extends and discusses recent developments utilizing transcriptome‐wide sequencing to explore the RNA modification landscapes of N^6^‐methyladenosine (m^6^A), 5‐methylcytosine (m^5^C), pseudouridine (Ψ) and other modifications which perturb Watson‐Crick base pairing. Finally, we will discuss conclusions and future perspectives to shed light on the *Arabidopsis* epitranscriptome.

PLANT TRANSFER RNA MODIFICATIONS AND THEIR FUNCTIONS {#jipb12483-sec-0004}
====================================================

Transfer RNAs are considered the most heavily modified types of RNA, and these modifications are highly conserved in bacteria, yeast, mammals and plants, consistent with their central role in translation. At least 92 unique chemical modifications have been identified in tRNAs with varied chemical properties and effects on the stability and function of tRNAs (Machnicka et al. [2013](#jipb12483-bib-0096){ref-type="ref"}). Transfer RNA modifications include RNA editing of adenosine to inosine (A‐I), methylation or acetylation of RNA bases, isomerization or reduction of uridine to pseudouridine (Ψ) or dihydrouridine (D) to name a few. These post‐transcriptional modifications can occur on the base, or on the ribose sugar backbone of the RNA molecule.

Transfer RNAs can vary in length from 70--90 nucleotides long with RNA modifications occurring at different positions on the iconic clover‐leaf secondary structure. The functional roles of tRNA modifications are determined by their position on the clover leaf structure and by the chemical properties of the RNA modification. The functions of these modifications affecting tRNA biogenesis can be divided into three major groups, (i) modifications that affect amino‐acylation on the acceptor stem; (ii) modifications on or near the anticodon loop can affect anti‐codon binding, wobble base pairing and frame shifting; and (iii) other positions on D‐stem, TΨC stem and variable loop/junction affecting stability, structure, translation and tRNA cleavage/degradation. The positions and types of modifications and the enzymes responsible for mediating them throughout different domains of life have been reviewed extensively in (Phizicky and Hopper [2010](#jipb12483-bib-0107){ref-type="ref"}; El Yacoubi et al. [2012](#jipb12483-bib-0047){ref-type="ref"}; Towns and Begley [2012](#jipb12483-bib-0130){ref-type="ref"}). Here we focus on tRNA modifications and tRNA modifying enzymes investigated in plants.

The identities of RNA modifications present in tRNAs of several plant species (*Arabidopsis*, tobacco, maize, hybrid aspen and wheat) have been investigated using a combination of chromatography and mass spectroscopy techniques on purified tRNAs (Shugart [1972](#jipb12483-bib-0123){ref-type="ref"}; Jones and Scott [1981](#jipb12483-bib-0072){ref-type="ref"}; Chen et al. [2010](#jipb12483-bib-0029){ref-type="ref"}; Hienzsch et al. [2013](#jipb12483-bib-0061){ref-type="ref"}). In two independent studies on *Arabidopsis* tRNAs, a total of 26 known tRNA RNA modifications were identified and four novel, potentially plant specific RNA modifications (Chen et al. [2010](#jipb12483-bib-0029){ref-type="ref"}; Hienzsch et al. [2013](#jipb12483-bib-0061){ref-type="ref"}). In addition, bioinformatics approaches have been used to predict hundreds of RNA base modification sites in *Arabidopsis* miRNAs and tRNAs, based on the ability of certain RNA modifications to introduce mismatches in sequences after reverse transcription (Iida et al. [2009](#jipb12483-bib-0069){ref-type="ref"}). Evidence has also shown dynamic regulation of tRNA modifications. When comparing different plant tissues, differences in the abundance and types of tRNA modifications were found when comparing different plant tissues and cell cultures (Jones and Scott [1981](#jipb12483-bib-0072){ref-type="ref"}; Hienzsch et al. [2013](#jipb12483-bib-0061){ref-type="ref"}) and new and old leaves (Shugart [1972](#jipb12483-bib-0123){ref-type="ref"}). Recently, the tRNA modification 2'‐0‐cytosine methylation (Cm) was shown to be increased in response to pathogen infection in *Arabidopsis* (Ramirez et al. [2015](#jipb12483-bib-0112){ref-type="ref"}). In other organisms, several tRNA modifications were shown to be induced under stress conditions such as oxidative stress (Chan et al. [2010](#jipb12483-bib-0024){ref-type="ref"}; Chan et al. [2012](#jipb12483-bib-0025){ref-type="ref"}), nutrient starvation (Preston et al. [2013](#jipb12483-bib-0110){ref-type="ref"}) and toxins (Hertz et al. [2014](#jipb12483-bib-0060){ref-type="ref"}).

Identification of RNA modifications present in tRNAs is only half the story − the tRNA modifying enzymes, or 'writers' are just beginning to be characterized in plants. A combination of bioinformatics and reverse genetics approaches have been used to predict and identify tRNA modifying enzymes in *Arabidopsis* (Golovko et al. [2002](#jipb12483-bib-0056){ref-type="ref"}; Chen et al. [2006](#jipb12483-bib-0032){ref-type="ref"}; Miyawaki et al. [2006](#jipb12483-bib-0101){ref-type="ref"}; Pavlopoulou and Kossida [2009](#jipb12483-bib-0105){ref-type="ref"}; Zhou et al. [2009](#jipb12483-bib-0150){ref-type="ref"}; Chen et al. [2010](#jipb12483-bib-0029){ref-type="ref"}; Hu et al. [2010](#jipb12483-bib-0065){ref-type="ref"}; Mehlgarten et al. [2010](#jipb12483-bib-0098){ref-type="ref"}; Leihne et al. [2011](#jipb12483-bib-0083){ref-type="ref"}; Zhou et al. [2013](#jipb12483-bib-0149){ref-type="ref"}; Burgess et al. [2015](#jipb12483-bib-0020){ref-type="ref"}; Ramirez et al. [2015](#jipb12483-bib-0112){ref-type="ref"}). Transfer RNA modifying enzymes have been characterized for mediating base methylations of guanine and cytosine residues, and modifying 2′‐O‐ribose methylations.

RNA methylation of guanine and cytosine residues commonly occurs in *Arabidopsis* tRNAs and have roles in mediating RNA structure and stabilization through for example Mg^2+^ binding (Chen et al. [1993](#jipb12483-bib-0031){ref-type="ref"}; David et al. [2016](#jipb12483-bib-0035){ref-type="ref"}). Based on homologous genes in yeast, three guanosine transfer RNA methyltransferase (TRM) enzymes have been identified in *Arabidopsis*, namely AtTRM10 (At5g47680), AtTRM11 (At3g26410) and AtTRM82 (At1g03110), which mediate m^1^G, m^2^G and m^7^G in tRNAs, respectively (Chen et al. [2010](#jipb12483-bib-0029){ref-type="ref"}). Of these, a biological role in plant development was only identified for AtTRM11, as the mutant showed an early‐flowering phenotype. 5‐methylcytosine in tRNAs is mediated by *Arabidopsis* transfer RNA aspartic acid methyltransferase 1 (TRDMT1, At5g25480) at position 38 and by tRNA specific methyltransferase 4B (TRM4B, At2g22400) at the variable loop/TΨC stem junction (Goll et al. [2006](#jipb12483-bib-0055){ref-type="ref"}; Burgess et al. [2015](#jipb12483-bib-0020){ref-type="ref"}). Loss of both TRDMT1 and TRM4B results in increased sensitivity to the antibiotic Hygromycin B, suggesting roles for these modifications in translation (Burgess et al. [2015](#jipb12483-bib-0020){ref-type="ref"}). Similar functions were found for TRM4 in yeast (Wu et al. [1998](#jipb12483-bib-0141){ref-type="ref"}) and translation efficiency was reduced in mammals (Tuorto et al. [2012](#jipb12483-bib-0131){ref-type="ref"}). Another tRNA methylation modification is 2′‐O‐ribose methylation. Recently, an *Arabidopsis* homolog of yeast TRM7 (At5g01230), a 2′‐O‐ribose methyltransferase, was identified to be required for efficient immune response to *Pseudomonas syringae* (Ramirez et al. [2015](#jipb12483-bib-0112){ref-type="ref"}).

Several modifications in the anticodon loop fine‐tune translation by reducing frame shift mutations and mediating codon binding stringency at the third 'wobble' base pair position. RNA editing of adenosine to inosine (A‐I) at the first position of the anticodon allows a single tRNA to decode multiple codons for the same amino acid, because I can base pair with A, C or U. RNA editing (A‐I) by AtTAD1 (homologous to yeast Tad1p tRNA‐specific adenosine deaminase) (At1g01760) at the position 3'‐adjacent to the anticodon in nuclear tRNA^Ala(AGC)^ has been shown to be required for efficient translation under stress conditions, as *Arabidopsis attad1* mutants have reduced biomass when exposed to heat and cold stress treatments (Zhou et al. [2013](#jipb12483-bib-0149){ref-type="ref"}). The molecular function of this specific RNA editing event is unclear. A conserved multi‐protein Elongator complex mediates acetylation of histones and tRNA wobble uridine modifications (Mehlgarten et al. [2010](#jipb12483-bib-0098){ref-type="ref"}). Four components of the Elongator complex have been characterized in plants, demonstrating roles for the Elongator complex in ABA and oxidative stress response in *Arabidopsis* (Chen et al. [2006](#jipb12483-bib-0032){ref-type="ref"}; Zhou et al. [2009](#jipb12483-bib-0150){ref-type="ref"}). In addition, Elongator mutants such as *atelp1* (At5g13680) display pleiotropic growth defects (Chen et al. [2010](#jipb12483-bib-0029){ref-type="ref"}).

RIBOSOMAL RNA MODIFICATIONS AND FUNCTIONS IN *ARABIDOPSIS* {#jipb12483-sec-0005}
==========================================================

Ribosomes are multi‐subunit complexes of non‐coding ribosomal RNAs and proteins. In eukaryotes, three of the four rRNAs present in the small and large rRNA subunits are encoded in a single, polycistronic, pre‐rRNA transcript. Multiple processing steps involving cleavage and RNA modifications are required for maturation and assembly of the rRNAs with ribosomal proteins (Henras et al. [2015](#jipb12483-bib-0059){ref-type="ref"}). Ribosomal RNA modifications tend to be clustered around conserved structural and functional regions of the ribosomes such as the peptidyl transferase center (PTC) and are required for efficient translation (Decatur and Fournier [2002](#jipb12483-bib-0037){ref-type="ref"}). Ribosomal RNAs contain three broad types of RNA modifications, ribose methylation, pseudouridylation and several types of base methylations (e.g. m^5^C, m^3^U, m^6^A) reviewed in (Decatur and Fournier [2002](#jipb12483-bib-0037){ref-type="ref"}; Baxter‐Roshek et al. [2007](#jipb12483-bib-0009){ref-type="ref"}).

The most abundant rRNA modifications are Ψ and 2′‐O‐ribose methylations. The majority of these rRNA modifications are mediated by small nucleolar ribonucleoprotein complexes (snoRNPs) composed of multiple conserved proteins and a small nucleolar RNA (snoRNA), which directs sequence‐specific targeting. These two modifications are guided by two different classes of snoRNAs, (i) box‐C/D snoRNAs which guide 2′‐O‐ribose methylations mediated by the methyltransferase NOP1 (yeast)/Fibrillarin (human) and (ii) box‐H/ACA snoRNAs which direct conversion of uridine to pseudouridine by Cbf5/NAP57/Dyskerin (human) (Kiss [2001](#jipb12483-bib-0079){ref-type="ref"}; Brown et al. [2003](#jipb12483-bib-0017){ref-type="ref"}). Three genes encoding homologues of the essential yeast and human Fibrillarin 2′‐O‐ribose methyltransferase were identified in *Arabidopsis*, AtFIB1 (At5g52470), AtFIB2 (At4g25630) and AtFIB3 (At5g52490) (Barneche et al. [2000](#jipb12483-bib-0008){ref-type="ref"}; Pih et al. [2000](#jipb12483-bib-0108){ref-type="ref"}). Of these three genes, transcripts were only detected from AtFIB1 and AtFIB2, and both proteins are able to partially complement a conditional yeast NOP1/Fibrillarin mutant. This suggests that the *Arabidopsis* 2′‐O‐ribose methyltransferase snoRNPs might be heterogeneous, and contain either AtFIB1 or AtFIB2, and these different snoRNPs may have specialized functions in plants. Similarly, removal of rRNA pseudouridylation in yeast and *Arabidopsis* by deletion of CBF5, is also lethal (Lermontova et al. [2007](#jipb12483-bib-0084){ref-type="ref"}) while defects in the human homolog Dyskerin result in dyskeratosis congenita, a disease characterized by abnormal skin pigmentation and bone marrow failure (Heiss et al. [1998](#jipb12483-bib-0058){ref-type="ref"}). Moreover, patients with this condition were recently found to have reduced Ψ in rRNA and the ncRNA telomerase component TERC (Telomerase RNA component) (Schwartz et al. [2014a](#jipb12483-bib-0118){ref-type="ref"}). Another chloroplast specific rRNA Ψ synthase was identified in *Arabidopsis* in a suppressor screen for mutants complementing a chloroplast variegation mutation, SUPPRESSOR OF VARIAGATION1 (SVR1, At2g39140) (Yu et al. [2008](#jipb12483-bib-0143){ref-type="ref"}). *Arabidopsis* *svr1* mutants are small and pale green, with defects in chloroplast rRNA processing and translation. SVR1 is predicted to target chloroplast rRNA Ψ independently of a snoRNA guide in a similar manner to other tRNA and mitochondrial rRNA Ψ synthases from yeast and bacteria (Ansmant et al. [2000](#jipb12483-bib-0007){ref-type="ref"}).

Unlike most of the rRNA Ψ and 2′‐O‐ribose methylations, which are catalyzed by snoRNPs, the rRNA base methylations are all performed by site‐specific base methyltransferases. The nuclear large subunit 25S rRNA in yeast and *Arabidopsis* contains two m^5^C sites, which are methylated by RNA methyltransferases RCM1 (rRNA cytosine methyltransferase 1) and NOP2 (nucleolar protein 2) (Sharma et al. [2013](#jipb12483-bib-0121){ref-type="ref"}; Gigova et al. [2014](#jipb12483-bib-0054){ref-type="ref"}). The two methylation sites have roles in antibiotic sensitivity and rRNA biogenesis and processing in yeast, respectively (Hong et al. [1997](#jipb12483-bib-0063){ref-type="ref"}; Sharma et al. [2013](#jipb12483-bib-0121){ref-type="ref"}). In *Arabidopsis* the RCM1 homolog, NOP2/Sun domain protein 5 (NSUN5), was found to methylate the orthologous position in 25S rRNA (Burgess et al. [2015](#jipb12483-bib-0020){ref-type="ref"}). The second m^5^C site unexpectedly remained unchanged in single mutants for all three *Arabidopsis* NOP2 homologs, NOP2A (At5g55920), NOP2B (At4g26600) and NOP2C (At1g06560), as *nop2a* mutants have a leaf phenotype (Fujikura et al. [2009](#jipb12483-bib-0051){ref-type="ref"}; Burgess et al. [2015](#jipb12483-bib-0020){ref-type="ref"}). The unchanged methylation level in the single mutants may suggest functional redundancy (Burgess et al. [2015](#jipb12483-bib-0020){ref-type="ref"}). Two adjacent adenosines are N‐6 dimethylated (m~2~ ^6^A) in small subunit rRNAs of eukaryotes and prokaryotes by adenosine dimethyl transferase 1 (DIM1) homologs. Similar to the case of NOP2, the *Arabidopsis* genome encodes three rRNA dimethyl transferase enzymes: DIM1A (At2g47420), the nuclear 18S rRNA dimethyl transferase required for organized root growth and epidermal patterning (Wieckowski and Schiefelbein [2012](#jipb12483-bib-0140){ref-type="ref"}), DIM1B (At5g66360), the mitochondrial rRNA dimethyl transferase (Richter et al. [2010](#jipb12483-bib-0113){ref-type="ref"}) and DIM1C/PALEFACE1 (At1g01860), which is located in the chloroplast and is required for chloroplast development in the cold (Tokuhisa et al. [1998](#jipb12483-bib-0128){ref-type="ref"}).

In organisms such as yeast, with only one copy of DIM1 and NOP2, loss of either of these enzymes results in lethality (Lafontaine et al. [1994](#jipb12483-bib-0080){ref-type="ref"}; Hong et al. [1997](#jipb12483-bib-0063){ref-type="ref"}). Surprisingly, the presence of catalytically inactivated modifying enzymes rescues the phenotype in several organisms, suggesting other important roles for DIM1 and NOP2 in ribosome biogenesis (Lafontaine et al. [1995](#jipb12483-bib-0081){ref-type="ref"}; King and Redman [2002](#jipb12483-bib-0078){ref-type="ref"}; Zorbas et al. [2015](#jipb12483-bib-0151){ref-type="ref"}). *Arabidopsis* *dim1a* and *nop2a* mutants both display small, malformed leaves, slow growth and other phenotypes (Fujikura et al. [2009](#jipb12483-bib-0051){ref-type="ref"}; Wieckowski and Schiefelbein [2012](#jipb12483-bib-0140){ref-type="ref"}), reminiscent of many other *Arabidopsis* mutants with roles in rRNA biogenesis and of ribosomal protein mutants (Nishimura et al. [2005](#jipb12483-bib-0104){ref-type="ref"}; Byrne [2009](#jipb12483-bib-0021){ref-type="ref"}; Abbasi et al. [2010](#jipb12483-bib-0003){ref-type="ref"}), pointing to additional functions besides RNA methylation for these proteins in plants. Another predicted rRNA m^5^C methyltransferase is *Arabidopsis* RNA methyltransferase (RNMT, At3g13180), which is related to the bacterial Fmu 16S rRNA methyltransferase (Pavlopoulou and Kossida [2009](#jipb12483-bib-0105){ref-type="ref"}). *Arabidopsis rnmt* mutants have reduced global cytosine methylation, however, the specific nucleotide position is yet to be identified (Hebrard et al. [2013](#jipb12483-bib-0057){ref-type="ref"}). In addition to m^5^C and m~2~ ^6^A, *Arabidopsis* rRNA also contains several m^6^A base methylations (Wan et al. [2015](#jipb12483-bib-0134){ref-type="ref"}).

MESSENGER RNA AND OTHER NON‐CODING RNA MODIFICATIONS {#jipb12483-sec-0006}
====================================================

In the following sections we review and discuss the RNA modifications discovered in *Arabidopsis*, animal, yeast and bacterial epitranscriptomes to date and their diverse functions. Recently, two modifications have been identified transcriptome‐wide using direct detection methods, m^6^A (Immunoprecipitation and next generation sequencing) and m^5^C (RNA Bisulfite sequencing) in plants (Luo et al. [2014](#jipb12483-bib-0095){ref-type="ref"}; Li et al. [2014b](#jipb12483-bib-0087){ref-type="ref"}; Wan et al. [2015](#jipb12483-bib-0134){ref-type="ref"}; David et al. [2016](#jipb12483-bib-0035){ref-type="ref"}). The first discovered and globally most abundant RNA modification, pseudouridine (Ψ) has been mapped transcriptome‐wide by several recent studies in mammals and yeast (Carlile et al. [2014](#jipb12483-bib-0022){ref-type="ref"}; Lovejoy et al. [2014](#jipb12483-bib-0094){ref-type="ref"}; Schwartz et al. [2014a](#jipb12483-bib-0118){ref-type="ref"}; Li et al. [2015](#jipb12483-bib-0086){ref-type="ref"}). Although Ψ sites have not been mapped in plants transcriptome‐wide to date, the enzymatic functions required for transcriptome‐wide Ψ have been investigated in *Arabidopsis* (Lermontova et al. [2007](#jipb12483-bib-0084){ref-type="ref"}; Yu et al. [2008](#jipb12483-bib-0143){ref-type="ref"}; Chen et al. [2010](#jipb12483-bib-0029){ref-type="ref"}). Interestingly, these high throughput studies have revealed m^6^A, m^5^C and Ψ to show distinct distribution patterns along mRNA transcripts and are associated with specific functions as discussed in the following sections (Figure [1](#jipb12483-fig-0001){ref-type="fig"}). Additional modifications in the *Arabidopsis* epitranscriptome such as 3‐methyl cytosine (m^3^C) and 1‐methyl guanosine (m^1^G) have been computationally predicted transcriptome‐wide based on common nucleotide substitution and reverse transcription errors caused by these modifications during RNA‐seq library preparation (Ryvkin et al. [2013](#jipb12483-bib-0115){ref-type="ref"}; Vandivier et al. [2015](#jipb12483-bib-0132){ref-type="ref"}). The modifications m^6^A, m^5^C and Ψ are unable to be detected using this method, as they do not alter Watson‐Crick base pairing.

![**RNA modifications in messenger RNAs have distinct deposition patterns** Shown is a pictorial representation of relative abundance of the RNA modifications m^6^A, m^5^C and Ψ along mRNA transcripts. These representations are based on transcriptome‐wide RNA bisulfite sequencing data for m^5^C and antibody data for m^6^A in animals and plants. The Ψ abundance is based on a combination of Ψ‐seq and antibody enrichment data from animals. m^6^A is lowly abundant along coding sequences and enriched at long last exons and at the start of 3′UTR\'s. While the majority of m^5^C sites are detected in the coding sequence of mRNA transcripts, m^5^C sites are statistically enriched in 3′UTR\'s. For Ψ, the modified sites are evenly distributed along the coding sequence, but are statistically underrepresented in 5′ UTRs.](JIPB-58-822-g002){#jipb12483-fig-0001}

N^6^‐METHYLADENOSINE (m^6^A) {#jipb12483-sec-0007}
============================

m^6^A 'writers' {#jipb12483-sec-0008}
---------------

Although the presence of m^6^A in mRNAs was first discovered in the 1970s (Desrosiers et al. [1974](#jipb12483-bib-0040){ref-type="ref"}; Perry and Kelley [1974](#jipb12483-bib-0106){ref-type="ref"}), many questions still remain unanswered about the roles of m^6^A in protein coding transcripts. While Ψ is the globally most abundant RNA modification, m^6^A is the most highly abundant RNA modification in mRNAs and is enriched in poly‐adenylated RNA fractions in plants and animals and has recently also been identified in bacterial mRNAs (Zhong et al. [2008](#jipb12483-bib-0147){ref-type="ref"}; Meyer et al. [2012](#jipb12483-bib-0099){ref-type="ref"}; Deng et al. [2015](#jipb12483-bib-0039){ref-type="ref"}). A multi‐protein complex mediates these m^6^A sites. The catalytic core is composed of a heterodimer of methyltransferase like 3 (METTL3) and methyltransferase like 14 (METTL14) in mammals (Bokar et al. [1994](#jipb12483-bib-0016){ref-type="ref"}; Liu et al. [2014](#jipb12483-bib-0089){ref-type="ref"}). Recently, the mammalian splicing factor Wilm\'s tumor 1 associating protein (WTAP) and KIAA1429 were identified as additional components of the m^6^A 'writer' complex (Ping et al. [2014](#jipb12483-bib-0109){ref-type="ref"}; Schwartz et al. [2014b](#jipb12483-bib-0119){ref-type="ref"}). WTAP may have roles in targeting the m^6^A activity of METTL3 and METTL14, in a site‐specific manner, as m^6^A sites were mediated by WTAP dependent or independent mechanisms (Schwartz et al. [2014b](#jipb12483-bib-0119){ref-type="ref"}).

Likewise, the *Arabidopsis* m^6^A 'writer' complex contains the adenosine methyltransferase MTA (At4g10760), which is predicted to form a heterodimer with MTB (At4g09980) (Bujnicki et al. [2002](#jipb12483-bib-0019){ref-type="ref"}; Zhong et al. [2008](#jipb12483-bib-0147){ref-type="ref"}). The *Arabidopsis* homolog of mammalian WTAP is known as *Arabidopsis thaliana* FKBP12 interacting protein 37 (AtFIP37, At3g54170), and was identified as a binding partner of MTA several years prior to similar studies in mammals (Faure et al. [1998](#jipb12483-bib-0049){ref-type="ref"}; Zhong et al. [2008](#jipb12483-bib-0147){ref-type="ref"}). This is shown in Figure [2](#jipb12483-fig-0002){ref-type="fig"}A. Further studies are required to identify additional components and interacting proteins. All three known components of the *Arabidopsis* m^6^A writer complex are essential, as loss results in embryo lethality (Bujnicki et al. [2002](#jipb12483-bib-0019){ref-type="ref"}; Vespa et al. [2004](#jipb12483-bib-0133){ref-type="ref"}; Zhong et al. [2008](#jipb12483-bib-0147){ref-type="ref"}). The lethality of *mta* mutants in *Arabidopsis* can be rescued by expressing MTA during embryo development using the *ABI3* promoter (Bodi et al. [2012](#jipb12483-bib-0015){ref-type="ref"}). Use of this system allowed investigation of the requirement for m^6^A in vegetative development, floral architecture and cell specification. The importance of m^6^A methylation for gene regulation is underscored by disorders caused by loss of m^6^A 'writer' complex components in human, yeast, mouse and fly (Clancy et al. [2002](#jipb12483-bib-0033){ref-type="ref"}; Hongay and Orr‐Weaver [2011](#jipb12483-bib-0064){ref-type="ref"}; Bodi et al. [2012](#jipb12483-bib-0015){ref-type="ref"}; Wang et al. [2014b](#jipb12483-bib-0137){ref-type="ref"}; Chen et al. [2015b](#jipb12483-bib-0030){ref-type="ref"}).

![**Distinct catalytic and targeting mechanisms of different RNA modifications in *Arabidopsis*** (**A**) The predicted *Arabidopsis* m^6^A 'writer' complex is composed of a heterodimer of MTA and MTB, bound to AtFIP37 and potentially other, uncharacterized proteins. In mammals, miRNAs are able to guide the m^6^A 'writer' complex, however, it is not known if this targeting mechanism is conserved in plants. Potential m^6^A 'erasers' and 'readers' have been predicted in *Arabidopsis* and await further characterization. (**B**) A model for targeting of m^5^C methylation by TRM4B, based on RNA structure and potentially the presence of other RNA modifications. (**C**) Proposed H/ACA snoRNP Ψ 'writer' complex in *Arabidopsis* contains a guide H/ACA box snoRNA and the proteins GAR1 (At3g03920/At5g18180) or NAF1 (At1g03530), NHP2 (At5g08180), NOP10 (At2g20490) and the Ψ synthase AtCBF5 (At3g57150).](JIPB-58-822-g003){#jipb12483-fig-0002}

In order to elucidate why m^6^A is essential to plant development, three independent studies have mapped m^6^A epitranscriptomes in *Arabidopsis* and rice (Luo et al. [2014](#jipb12483-bib-0095){ref-type="ref"}; Li et al. [2014b](#jipb12483-bib-0087){ref-type="ref"}; Wan et al. [2015](#jipb12483-bib-0134){ref-type="ref"}). As reported in the earlier studies in mammalian mRNAs, m^6^A sites were found to occur all along transcripts, with low signals observed across coding sequences and high enrichment in 3′UTRs and around stop codons (Dominissini et al. [2012](#jipb12483-bib-0041){ref-type="ref"}; Meyer et al. [2012](#jipb12483-bib-0099){ref-type="ref"}). Specifically in plants, there was a slight enrichment for m^6^A peaks at the start codon (Luo et al. [2014](#jipb12483-bib-0095){ref-type="ref"}; Li et al. [2014b](#jipb12483-bib-0087){ref-type="ref"}). However, a more recent study with greater sequencing depth and stringency conditions for m^6^A antibody binding, did not detect enrichment at start codons in *Arabidopsis* (Wan et al. [2015](#jipb12483-bib-0134){ref-type="ref"}). Thousands of methylated transcripts were detected in different tissue types in *Arabidopsis* and rice and even in different *Arabidopsis* ecotypes. While many sites were specific to a particular tissue or ecotype, a large number of these sites were also conserved, even between animals and plants (Luo et al. [2014](#jipb12483-bib-0095){ref-type="ref"}; Wan et al. [2015](#jipb12483-bib-0134){ref-type="ref"}). As the deposition patterns and even specific m^6^A sites are conserved, the targeting mechanisms of the m^6^A 'writer' complex and functions of m^6^A are also likely conserved (Figure [2](#jipb12483-fig-0002){ref-type="fig"}A).

In support of this, transcriptome‐wide mapping studies of m^6^A have confirmed earlier reports that the m^6^A 'writer' complex methylates sites within a highly conserved consensus sequence 'RR**A**CH', (R = A/G and H = A/C/U) and this mostly occurs in G**A**C or less commonly in the A**A**C context (Wei and Moss [1977](#jipb12483-bib-0139){ref-type="ref"}; Csepany et al. [1990](#jipb12483-bib-0034){ref-type="ref"}). This consensus sequence is conserved in yeast, mammals and plants (Dominissini et al. [2012](#jipb12483-bib-0041){ref-type="ref"}; Meyer et al. [2012](#jipb12483-bib-0099){ref-type="ref"}; Schwartz et al. [2013](#jipb12483-bib-0117){ref-type="ref"}; Luo et al. [2014](#jipb12483-bib-0095){ref-type="ref"}; Li et al. [2014b](#jipb12483-bib-0087){ref-type="ref"}; Wan et al. [2015](#jipb12483-bib-0134){ref-type="ref"}). Interestingly, this is not the case for prokaryotes as unique distribution patterns and potential targeting were discovered in bacteria, as unlike animals and plants, m^6^A is enriched in coding sequences and at a novel 'GCC**A**G' consensus sequence (Deng et al. [2015](#jipb12483-bib-0039){ref-type="ref"}). The mechanism of targeting and the functional significance of the distributions of m^6^A methylation on mRNA remain to be elucidated. While the highly conserved eukaryotic consensus sequence 'RR**A**CH' is present many times in the transcriptome, the mechanism for determining which of these sites are methylated, remains unknown.

m^6^A 'erasers' − reversible RNA methylation {#jipb12483-sec-0009}
--------------------------------------------

One intriguing mechanism for regulating m^6^A deposition is through the active removal of m^6^A in mRNAs. Two m^6^A demethylases have been characterized in mammals, namely Fat mass and obesity associated protein (FTO) and Alkylation repair homologue protein 5 (ALKBH5) (Jia et al. [2011](#jipb12483-bib-0071){ref-type="ref"}; Zheng et al. [2013](#jipb12483-bib-0146){ref-type="ref"}). These demethylases are part of the *Escherichia coli* ALKB dioxygenase homologs (ALKBH) family. The founding member, *E. coli* ALKB mediates oxidative demethylation of nucleic acid bases in DNA and RNA (Aas et al. [2003](#jipb12483-bib-0001){ref-type="ref"}). Based on sequence homology, 13 ALKBH family proteins were predicted in *Arabidopsis* (Mielecki et al. [2012](#jipb12483-bib-0100){ref-type="ref"}). These proteins showed diverse subcellular localizations, suggesting specialized functions in different cell compartments and hence potential layers of regulation for m^6^A demethylation in plants (Mielecki et al. [2012](#jipb12483-bib-0100){ref-type="ref"}). While the identity of the *Arabidopsis* m^6^A demethylase(s) are still undetermined, they are expected to cause gross development defects, reminiscent of their animal homologs. In mice, loss of FTO leads to defects in alternative splicing and adipogenesis (Zhao et al. [2014](#jipb12483-bib-0145){ref-type="ref"}), while loss of ALKBH5 affects mRNA processing in human cells and leads to male infertility in mice (Zheng et al. [2013](#jipb12483-bib-0146){ref-type="ref"}). While the m^6^A 'writer' complex and demethylase 'erasers' act in concert to dynamically regulate m^6^A, additional RNA binding proteins or 'readers' are thought to decide the fate of m^6^A methylated transcripts.

m^6^A 'readers' − consequences for m^6^A on RNAs {#jipb12483-sec-0010}
------------------------------------------------

The presence of m^6^A can influence RNA metabolism by regulating binding of modified RNA with proteins (m^6^A 'readers') and can also alter local RNA structure, leading to alternate outcomes for methylated and non‐methylated transcripts. Several classes of m^6^A 'reader' proteins have been identified in animals, such as YTH domain proteins, serine/arginine‐rich (SR) proteins and heterogeneous nuclear ribonucleoproteins (hnRNPs) (Dominissini et al. [2012](#jipb12483-bib-0041){ref-type="ref"}; Schwartz et al. [2013](#jipb12483-bib-0117){ref-type="ref"}; Zhao et al. [2014](#jipb12483-bib-0145){ref-type="ref"}; Wang et al. [2014a](#jipb12483-bib-0135){ref-type="ref"}; Schwartz et al. [2014b](#jipb12483-bib-0119){ref-type="ref"}; Alarcon et al. [2015a](#jipb12483-bib-0004){ref-type="ref"}). Potential homologs of these m^6^A 'readers' have been identified in plants, suggesting conserved functions (Lorkovic and Barta [2002](#jipb12483-bib-0092){ref-type="ref"}).

YTH domain containing proteins have been identified as a class of RNA binding proteins that preferentially bind m^6^A methylated RNA in mammals and yeast (Dominissini et al. [2012](#jipb12483-bib-0041){ref-type="ref"}; Schwartz et al. [2013](#jipb12483-bib-0117){ref-type="ref"}; Wang et al. [2014a](#jipb12483-bib-0135){ref-type="ref"}; Schwartz et al. [2014b](#jipb12483-bib-0119){ref-type="ref"}). The first m^6^A 'reader' to be characterized was YTH Domain Family 2 (YTHDF2), which was shown to bind thousands of m^6^A containing mRNAs in the cytoplasm and deliver them to processing bodies for degradation (Wang et al. [2014a](#jipb12483-bib-0135){ref-type="ref"}). This discovery explains the negative correlation of m^6^A with mRNA abundance in both plants and animals as m^6^A is used as a mark for rapid turn‐over of mRNAs (Li et al. [2014b](#jipb12483-bib-0087){ref-type="ref"}; Schwartz et al. [2014b](#jipb12483-bib-0119){ref-type="ref"}; Wang et al. [2014a](#jipb12483-bib-0135){ref-type="ref"}; Wan et al. [2015](#jipb12483-bib-0134){ref-type="ref"}). The sub‐cellular locations of m^6^A readers is crucial for the outcome of m^6^A on RNAs and this is clearly demonstrated by YTHDF2 (Zhou et al. [2015](#jipb12483-bib-0148){ref-type="ref"}). While cytoplasmic YTHDF2 leads to mRNA decay, heat shock induces YTHDF2 to re‐localize to the nucleus. YTHDF2 is then able to compete with the nuclear 'eraser' FTO for binding of m^6^A sites, leading to increased 5'UTR methylation of newly transcribed, heat stress responsive mRNAs. The increased methylation leads to increased translation initiation independent of the 5' cap, allowing selective mRNA translation under heat shock stress. In addition, the m^6^A reader YTHDF1 has also been shown to increase translation initiation of transcripts harboring m^6^A sites (Wang et al. [2015](#jipb12483-bib-0136){ref-type="ref"}). This occurs in the cytoplasm, leading to competition with the mRNA degrading cytoplasmic YTHDF2. This competition is thought to allow fast responses and regulation of mRNA abundance and translation through m^6^A methylation.

Plant proteins containing this conserved YTH domain are expected to mediate similar functions for m^6^A in RNA. The *Arabidopsis* genome encodes 13 predicted YTH domain containing proteins, which may be responsible for 'reading' the m^6^A code and regulating RNA metabolism (Li et al. [2014a](#jipb12483-bib-0085){ref-type="ref"}). One such protein is the *Arabidopsis* homologue of Cleavage and Polyadenylation Specificity Factor 30 (CPSF30, At1g30460), which is required in plants and mammals for polyadenylation and 3′end formation (Thomas et al. [2012](#jipb12483-bib-0127){ref-type="ref"}; Chan et al. [2014](#jipb12483-bib-0026){ref-type="ref"}). Intriguingly, while the presence of the YTH domain of *Arabidopsis* AtCPSF30 is dependent on alternative splicing, the YTH domain is completely absent in yeast and mammalian CPSF30 homologs (Delaney et al. [2006](#jipb12483-bib-0038){ref-type="ref"}; Hunt et al. [2012](#jipb12483-bib-0066){ref-type="ref"}; Chakrabarti and Hunt [2015](#jipb12483-bib-0023){ref-type="ref"}). Furthermore, AtCPSF30 has also been shown to be involved in oxidative stress responses (Zhang et al. [2008](#jipb12483-bib-0144){ref-type="ref"}) and is required for programmed cell death and immunity in *Arabidopsis* (Bruggeman et al. [2014](#jipb12483-bib-0018){ref-type="ref"}). These functions are independent of the YTH domain and raise questions about the possible roles of YTH domain‐containing AtCPSF30 in regulating m^6^A containing RNAs.

In addition to YTH domain proteins, two other classes of potential m^6^A 'readers', namely SR proteins and hnRNPs, have been investigated. One SR protein, SR Splicing Factor 2 (SRSF2), was shown to preferentially bind mRNAs containing m^6^A sites, leading to increased inclusion of target exons during splicing when the 'eraser' FTO is depleted (Zhao et al. [2014](#jipb12483-bib-0145){ref-type="ref"}). SRSF2 RNA binding sites tend to overlap with m^6^A sites, however, it is unclear if SRSF2 binds m^6^A directly, or indirectly through interactions with other proteins. Recently, SRSF3 and SRSF10 were found to competitively bind YTHDC1, which directly binds m^6^A, to regulate mRNA splicing (Xiao et al. [2016](#jipb12483-bib-0142){ref-type="ref"}). While the interaction between SRSF3 and YTHDC1 promotes SRSF3 binding to RNA target sites, YTHDC1 binding of SRSF10 inhibits SRSF10 binding to RNA target sites. In combination, these events result in exon inclusion, while successful SRSF10 binding to RNA results in exon exclusion. Similarly, over expressing the predicted *Arabidopsis* SRSF2 ortholog AtSRp30 (At1g09140) demonstrated its function in regulating splicing (Lopato et al. [1999](#jipb12483-bib-0091){ref-type="ref"}). Further studies are required to determine if m^6^A deposition directly or indirectly affects the activities of the eighteen SR proteins in *Arabidopsis* (Lorkovic and Barta [2002](#jipb12483-bib-0092){ref-type="ref"}). Other m^6^A 'readers' include hnRNPs, which have diverse roles in RNA processing and export (Lorkovic et al. [2000](#jipb12483-bib-0093){ref-type="ref"}).

Recently, m^6^A methylation was shown to be required for the biogenesis and function of a subset of miRNAs, and this is mediated in part through the m^6^A 'reader' HNRNPA2B1 and m^6^A 'anti‐reader' human antigen R (HuR) in animals. miRNA processing and abundance is deregulated when either the m^6^A 'writer' METTL3 or the m^6^A 'eraser' FTO were perturbed, demonstrating a role for m^6^A in miRNA biogenesis (Berulava et al. [2015](#jipb12483-bib-0010){ref-type="ref"}; Alarcon et al. [2015b](#jipb12483-bib-0005){ref-type="ref"}). The m^6^A mark in miRNAs is important, as nuclear HNRNPA2B1 binds a subset of m^6^A containing pri‐miRNAs and recruits the Microprocessor complex to cleave pri‐miRNAs into pre‐miRNAs (Alarcon et al. [2015a](#jipb12483-bib-0004){ref-type="ref"}). In addition, m^6^A methylation is required for efficient regulation of a sub‐set of miRNA target transcripts. m^6^A methylation can aid miRNA driven degradation of mRNAs, as m^6^A blocks binding of the m^6^A 'anti‐reader' HuR, allowing miRNAs access to their target sites in mRNAs (Wang et al. [2014b](#jipb12483-bib-0137){ref-type="ref"}). While m^6^A methylation regulates the biogenesis of a subset of miRNAs, some miRNAs are also able to affect targeting of m^6^A methylation. Artificial and endogenous miRNAs were recently shown to target m^6^A deposition and increase m^6^A abundance by guiding and modulating METTL3 binding to mRNAs (Chen et al. [2015b](#jipb12483-bib-0030){ref-type="ref"}). This proposed mechanism of miRNAs guiding m^6^A sites is supported as animal miRNA target sites are highly enriched at m^6^A methylated regions, however, no such correlation was identified in *Arabidopsis* (Luo et al. [2014](#jipb12483-bib-0095){ref-type="ref"}; Chen et al. [2015b](#jipb12483-bib-0030){ref-type="ref"}). Is another class of small guide RNAs mediating m^6^A targeting in plants? These intriguing findings raise many questions about possible roles of m^6^A in regulating miRNAs in plants, and how the plant m^6^A 'writer' complex is targeted to mRNAs.

Another interesting example of an hnRNP m^6^A 'reader' is HNRNPC. HNRNPC does not bind m^6^A, however, it requires m^6^A methylation of mRNA and lncRNA targets such as Metastasis Associated Lung Adenocarcinoma Transcript 1 (MALAT1) to alter local RNA structure in order to facilitate RNA binding (Liu et al. [2015](#jipb12483-bib-0090){ref-type="ref"}). This RNA remodeling, or 'm^6^A‐switch', is achieved through the ability of m^6^A to disrupt adenosines from forming non‐Watson‐Crick G:A base pairs and also destabilizes A:U base pairs (Roost et al. [2015](#jipb12483-bib-0114){ref-type="ref"}). It remains to be seen if the nine hnRNPs in *Arabidopsis* genome also show such diverse interactions with m^6^A as a dance partner (Lorkovic et al. [2000](#jipb12483-bib-0093){ref-type="ref"}).

Additional functions for m^6^A methylation in reprogramming, organ differentiation and cell division functions are conserved, as indicated by the *Arabidopsis* *mta* phenotype and the roles of m^6^A in inducing pluripotent cells in mammals and sporulation in yeast (Clancy et al. [2002](#jipb12483-bib-0033){ref-type="ref"}; Bodi et al. [2012](#jipb12483-bib-0015){ref-type="ref"}; Wang et al. [2014b](#jipb12483-bib-0137){ref-type="ref"}; Chen et al. [2015b](#jipb12483-bib-0030){ref-type="ref"}). Furthermore, m^6^A was shown to regulate the mammalian circadian clock, as loss of RNA m^6^A methylation slows RNA processing resulting in delayed release of mature clock transcripts from the nucleus (Fustin et al. [2013](#jipb12483-bib-0052){ref-type="ref"}). m^6^A may also play a role in regulating the plant circadian clock, as several transcripts regulating the *Arabidopsis* clock were highly methylated (Wan et al. [2015](#jipb12483-bib-0134){ref-type="ref"}). Functions for m^6^A in splicing intron retention, polyadenylation, microRNA regulation, reprogramming and stress responses in plants warrants further investigation. Recently developed, single nucleotide resolution approaches to mapping m^6^A epitranscriptomes will enable further characterization of the functions of this mark in plants (Linder et al. [2015](#jipb12483-bib-0088){ref-type="ref"}; Chen et al. [2015a](#jipb12483-bib-0028){ref-type="ref"}).

5‐METHYLCYTOSINE (M^5^C) {#jipb12483-sec-0011}
========================

m^5^C 'writers' {#jipb12483-sec-0012}
---------------

While the functions of m^5^C as an epigenetic mark in DNA have been studied intensively, the role of m^5^C in RNA is less well studied. The importance of m^5^C has been established for tRNAs and rRNAs (Motorin et al. [2010](#jipb12483-bib-0103){ref-type="ref"}), but functions are still being investigated for other RNAs such as mRNAs and lncRNAs. m^5^C was first identified transcriptome‐wide using RNA Bisulfite sequencing (bsRNA‐seq) in human (HeLa) cells, uncovering over 10,000 m^5^C sites (Squires et al. [2012](#jipb12483-bib-0125){ref-type="ref"}). This prompted the development of additional techniques that enrich the direct RNA targets of specific RNA methyltransferases using RNA immunoprecipitation (Khoddami and Cairns [2013](#jipb12483-bib-0077){ref-type="ref"}; Hussain et al. [2013a](#jipb12483-bib-0067){ref-type="ref"}). Recently, the *Arabidopsis* m^5^C landscape was mapped using bsRNA‐seq in several tissue types and RNA methyltransferase mutants, identifying hundreds of m^5^C sites (David et al. [2016](#jipb12483-bib-0035){ref-type="ref"}).

Together, these studies identified two m^5^C 'writers' that catalyze methylation in mRNAs and other classes of RNAs; the first RNA methyltransferase is tRNA specific methyltransferase 4 (TRM4) otherwise known as NOP2/Sun domain protein 2 (NSUN2), in yeast and animals respectively. NSUN2 plays broad roles in many organisms for mediating oxidative stress tolerance and balancing stem cell self‐renewal and differentiation. This is demonstrated in *nsun2* mutant mice presenting with epidermal differentiation defects, male infertility and small size, which is thought to be due to a reduction in stem cell proliferation (Blanco et al. [2011](#jipb12483-bib-0014){ref-type="ref"}; Hussain et al. [2013b](#jipb12483-bib-0068){ref-type="ref"}). Furthermore, NSUN2 depletion in humans leads to mild microcephaly, short stature and neurological disorders (Abbasi‐Moheb et al. [2012](#jipb12483-bib-0002){ref-type="ref"}; Khan et al. [2012](#jipb12483-bib-0076){ref-type="ref"}; Martinez et al. [2012](#jipb12483-bib-0097){ref-type="ref"}; Fahiminiya et al. [2014](#jipb12483-bib-0048){ref-type="ref"}). Loss of *nsun2* leads to increased tRNA cleavage under oxidative stress and these cleavage products are thought to cause these neuro‐developmental disorders (Blanco et al. [2014](#jipb12483-bib-0012){ref-type="ref"}). These roles are also conserved in plants, as *Arabidopsis trm4b* mutants display shorter primary roots, which is linked to a reduced capacity for cells to divide in the root meristem (David et al. [2016](#jipb12483-bib-0035){ref-type="ref"}). Furthermore, *trm4b* mutants are also more sensitive to oxidative stress and have reduced stability of non‐methylated tRNAs. However, it is difficult to tease apart the contributions of tRNA and mRNA methylations to these biological functions, as NSUN2/TRM4B methylates both these classes of RNAs.

The second m^5^C 'writer' shown to target mRNAs is Transfer RNA aspartic acid methyltransferase 1 (TRDMT1) also known as DNA methyltransferase 2 (DNMT2). TRDMT1 was previously thought to methylate DNA, due to its structural similarity to DNA methyltransferases, however it is now regarded as an RNA methyltransferase (Goll et al. [2006](#jipb12483-bib-0055){ref-type="ref"}). In plants and animals, depletion of TRDMT1 is not phenotypically evident under controlled conditions (Goll et al. [2006](#jipb12483-bib-0055){ref-type="ref"}). However, the functions of TRDMT1 become apparent under stress conditions such as oxidative and heat stress in *Drosophila* (Schaefer et al. [2010](#jipb12483-bib-0116){ref-type="ref"}). Stress induced cleavage of tRNAs in TRDMT1 mutants also leads to inhibition of Dicer‐2 functions (Durdevic et al. [2013b](#jipb12483-bib-0045){ref-type="ref"}). Furthermore, TRDMT1 is required for efficient immune response against viruses in *Drosophila* (Durdevic et al. [2013a](#jipb12483-bib-0044){ref-type="ref"}). In contrast, depletion of TRDMT1 in zebrafish leads to gross morphological defects (Rai et al. [2007](#jipb12483-bib-0111){ref-type="ref"}). NSUN2 mediates many more m^5^C sites in the transcriptome than TRDMT1. Only two TRDMT1 mRNA targets were identified in human cells, type I cytokeratin *KRT18* mRNA and *KRT18* pseudogene mRNA and this methylation was not conserved in mouse (Khoddami and Cairns [2013](#jipb12483-bib-0077){ref-type="ref"}). This minor role for TRDMT1 in mediating m^5^C transcriptome‐wide seems to be conserved in plants, as only tRNA targets were identified (Burgess et al. [2015](#jipb12483-bib-0020){ref-type="ref"}; David et al. [2016](#jipb12483-bib-0035){ref-type="ref"}).

LOCATIONS, FUNCTIONS AND TARGETING OF m^5^C {#jipb12483-sec-0013}
===========================================

In order to determine potential functions of m^5^C in RNA, transcriptome‐wide deposition patterns of this mark were analyzed in human cancer cells. Methylated sites are statistically enriched in ncRNAs compared to mRNAs (Squires et al. [2012](#jipb12483-bib-0125){ref-type="ref"}). Within mRNAs, m^5^C sites are observed in higher numbers than expected for untranslated regions and are relatively depleted in coding regions, when normalized for length and sequence coverage (Squires et al. [2012](#jipb12483-bib-0125){ref-type="ref"}). Moreover, m^5^C candidate sites in 3′UTRs are associated with binding regions for the Argonaute I--IV proteins, which are involved in miRNA mediated decay and translational inhibition, suggesting possible roles for m^5^C in mediating miRNA activity (Squires et al. [2012](#jipb12483-bib-0125){ref-type="ref"}). Although further experiments are required to clearly determine the m^5^C and Argonaute association. Additional functions for m^5^C in increasing mRNAs half‐life have been proposed, as synthetic m^5^C methylated mRNAs exhibit increased stability (Warren et al. [2010](#jipb12483-bib-0138){ref-type="ref"}). This does not seem to be the case for the majority of mRNAs, as methylation levels do not strongly correlate with gross changes in transcript abundance in mammals or plants (Hussain et al. [2013a](#jipb12483-bib-0067){ref-type="ref"}; David et al. [2016](#jipb12483-bib-0035){ref-type="ref"}). Furthermore, no major changes in global mRNA abundance were observed in mouse *nsun2* mutants (Tuorto et al. [2012](#jipb12483-bib-0131){ref-type="ref"}; Hussain et al. [2013b](#jipb12483-bib-0068){ref-type="ref"}).

In contrast to mRNAs, several functions for m^5^C have been investigated in ncRNAs. Vault ncRNAs were identified as NSUN2‐specific m^5^C targets (Hussain et al. [2013a](#jipb12483-bib-0067){ref-type="ref"}). Loss of m^5^C in vault ncRNAs leads to processing into small RNAs which can be incorporated into Argonaute complexes to regulate genes, in a manner similar to miRNAs. In addition to roles for m^5^C in small ncRNAs, functions for this modification have been elucidated for long ncRNAs. The 5′ A‐region of the lncRNA X‐inactive specific transcript (XIST) contains five m^5^C sites, which were shown to inhibit binding of the Polycomb repressive complex 2 (PRC2) *in vitro* (Amort et al. [2013](#jipb12483-bib-0006){ref-type="ref"}). It remains to be determined if the PRC2 complex acts globally as an m^5^C 'anti‐reader' in both plants and animals.

Analysis of m^5^C transcriptome‐wide has shown that only approximately 0.4% of cytosines are methylated in mRNA, suggesting precise targeting of m^5^C to select target sites (Squires et al. [2012](#jipb12483-bib-0125){ref-type="ref"}). In archaea, m^5^C was located in a consensus motif of AU**C**GANGU in mRNAs, providing a potential targeting mechanism for archaeal m^5^C 'writers' (Edelheit et al. [2013](#jipb12483-bib-0046){ref-type="ref"}). In contrast, no such consensus target sequences were identified for m^5^C sites in animals or plants (Squires et al. [2012](#jipb12483-bib-0125){ref-type="ref"}; Hussain et al. [2013a](#jipb12483-bib-0067){ref-type="ref"}; David et al. [2016](#jipb12483-bib-0035){ref-type="ref"}). As a general consensus sequence has not been identified, it is hypothesized that additional factors such as local RNA structure and RNA binding proteins may regulate the site selection of TRM4 and TRDMT1 (Figure [2](#jipb12483-fig-0002){ref-type="fig"}B).

Many questions remain unanswered such as the targeting mechanism of m^5^C 'writers' and the functions of m^5^C in mRNAs and other non‐coding RNAs. The identification of potential m^5^C 'readers' and 'erasers' using techniques such as m^5^C RNA bait to immuno‐precipitate m^5^C binding proteins, similar to those performed for m^6^A should lead to future insights into how m^5^C sculpts the epitranscriptome.

PSEUDOURIDYLATION (Ψ) {#jipb12483-sec-0014}
=====================

Isomerization of uridine to Ψ was the first RNA modification to be discovered, and is also the most abundant (Charette and Gray [2000](#jipb12483-bib-0027){ref-type="ref"}; Ge and Yu [2013](#jipb12483-bib-0053){ref-type="ref"}). As discussed earlier, Ψ is common in tRNAs and rRNAs and also in spliceosomal snRNAs, however, it is an open question whether Ψ is present on *Arabidopsis* mRNAs. Recently, four research groups independently investigated Ψ transcriptome wide at single‐nucleotide resolution in yeast, human and mouse cells using modified approaches to Ψ‐sequencing (Carlile et al. [2014](#jipb12483-bib-0022){ref-type="ref"}; Lovejoy et al. [2014](#jipb12483-bib-0094){ref-type="ref"}; Schwartz et al. [2014a](#jipb12483-bib-0118){ref-type="ref"}; Li et al. [2015](#jipb12483-bib-0086){ref-type="ref"}). Using these transcriptome‐wide approaches, they were able to confirm known Ψ sites and cognate Ψ synthases in tRNAs, rRNAs, snRNAs and snoRNAs and extend the known sites to mRNAs and lncRNAs such as XIST and MALAT1. As the components required for Ψ are conserved in *Arabidopsis*, it seems more than likely that Ψ also occurs in plant mRNAs (Lermontova et al. [2007](#jipb12483-bib-0084){ref-type="ref"}; Yu et al. [2008](#jipb12483-bib-0143){ref-type="ref"}; Chen et al. [2010](#jipb12483-bib-0029){ref-type="ref"}) (Figure [2](#jipb12483-fig-0002){ref-type="fig"}C).

Ψ synthases are targeted to specific sites in RNAs through two mechanisms (1) snoRNA guided H/ACA snoRNPs containing CBF5/Dyskerin and (2) snoRNA independent Pseudouridine synthases (PUS). Using a combination of deletion and knock down mutants for PUS proteins and CBF5/Dyskerin in yeast and human, mRNA Ψ sites were found to be dependent on Ψ synthases using both snoRNA dependent and independent mechanisms.

While the targeting mechanism for Ψ by H/ACA snoRNPs is based on the snoRNA guide, and synthetic snoRNAs have been successfully designed to target Ψ at novel sites (Karijolich and Yu [2011](#jipb12483-bib-0073){ref-type="ref"}), the targeting mechanisms of PUS proteins to RNA are less understood. Transcriptome‐wide identification of Ψ sites in several yeast PUS deletion mutants allowed analysis and confirmation of sequence consensus sites preferred by specific PUS enzymes. In particular, yeast PUS4 mediated Ψ occurs at 'GU**Ψ**C/NANNC' consensus sites, while yeast PUS7 Ψ sites generally occur at the consensus 'UG**Ψ**A/R'. Not all sites with these consensus sequences are modified, suggesting other, additional factors mediating targeting. For example, the structure, as opposed to the sequence, of the tRNA^Ser^ anticodon and TΨC stem loops were required for human PUS1 targeting (Sibert and Patton [2012](#jipb12483-bib-0124){ref-type="ref"}).

Ψ sites mediated by these enzymes were located all along mRNA transcripts, with no positional bias found in coding sequences in any of the four transcriptome‐wide studies (Carlile et al. [2014](#jipb12483-bib-0022){ref-type="ref"}; Lovejoy et al. [2014](#jipb12483-bib-0094){ref-type="ref"}; Schwartz et al. [2014a](#jipb12483-bib-0118){ref-type="ref"}; Li et al. [2015](#jipb12483-bib-0086){ref-type="ref"}). However, while Ψ sites were under represented in 3'UTRs of yeast and human cervical cancer (HeLa) cells (Carlile et al. [2014](#jipb12483-bib-0022){ref-type="ref"}), a chemical pulldown method, which enriched for Ψ sites prior to sequencing found that Ψ sites were under represented in 5′UTRs of mouse and human (H36KT) cells (Li et al. [2015](#jipb12483-bib-0086){ref-type="ref"}). Prior enrichment of Ψ sites enabled the identification of thousands of sites transcriptome‐wide, compared to other studies finding only hundreds of sites.

Dynamic regulation of Ψ sites was conserved across species, as tissue specific and stress responsive Ψ sites were identified in animals and yeast. Strong, stimuli‐specific patterns of Ψ were induced for heat shock, addition of a viral mimic and oxidative stress (Schwartz et al. [2014a](#jipb12483-bib-0118){ref-type="ref"}; Li et al. [2015](#jipb12483-bib-0086){ref-type="ref"}). Ψ sites were also regulated by different cellular growth rates and nutrient availability (Carlile et al. [2014](#jipb12483-bib-0022){ref-type="ref"}). Interestingly, Schwartz et al. ([2014a](#jipb12483-bib-0118){ref-type="ref"}) show that PUS7 Ψ mediates heat sensitivity in yeast, as yeast mutants have increased heat sensitivity and \>200 PUS7 dependent Ψ sites are induced by heat shock. Ψ transcripts were expressed at higher levels in wild type than in PUS7 mutants during heat shock, suggesting a role for Ψ in stabilizing specific mRNAs in stress conditions.

The function of Ψ in mRNAs is unclear, however, Ψ is thought to help stabilize RNAs by promoting base stacking, pairing, and conformational stability. Ψ may also affect the translation of modified mRNAs (Davis [1995](#jipb12483-bib-0036){ref-type="ref"}). For example, Ψ has been shown to convert nonsense codons into sense codons, thus 'rewiring' the genetic code (Karijolich and Yu [2011](#jipb12483-bib-0073){ref-type="ref"}). However, the precise role of Ψ in translation is controversial as Ψ has been shown to both aid and inhibit translation in eukaryotic and bacterial systems, respectively, (Kariko et al. [2012](#jipb12483-bib-0074){ref-type="ref"}; Hoernes et al. [2015](#jipb12483-bib-0062){ref-type="ref"}). The locations and roles of this modification in *Arabidopsis* mRNAs is yet to be discovered.

OTHER MODIFICATIONS IN THE *ARABIDOPSIS* EPITRANSCRIPTOME {#jipb12483-sec-0015}
=========================================================

Of the over 100 RNA modifications discovered in RNA, high‐throughput methods of detection have been limited to detecting only a small subset of these modifications. Recently, a new hybrid method has been introduced, referred to as HAMR (High‐throughput Annotation of Modified Ribonucleotides), which is able to detect and predict modifications that affect Watson‐Crick base pairing transcriptome‐wide (Ryvkin et al. [2013](#jipb12483-bib-0115){ref-type="ref"}). HAMR was trained using data from well characterized yeast tRNA modifications to predict the identity of several RNA modifications. Subsequently, HAMR was put to use on the *Arabidopsis* epitranscriptome, and several types of RNA modifications that perturb reverse transcription were predicted in all types of RNA classes (Vandivier et al. [2015](#jipb12483-bib-0132){ref-type="ref"}).

Three types of RNA‐seq datasets were tested and compared in this study, (i) polyadenylated, (ii) small RNAs and (iii) degrading RNA. RNA modifications were enriched in *Arabidopsis* exons and 3'UTRs of uncapped, degrading mRNA and lncRNA transcripts and the same enrichment pattern was detected in two human cell lines, suggesting broad conservation and possible regulatory functions of these RNA modifications. It remains to be determined if RNA modifications are targeted to degrading transcripts, or if the RNA modifications serve as signals to mark transcripts for degradation. In addition, RNA modifications predicted by HAMR in stable mRNAs from the polyadenylated RNA‐seq data sets were enriched within introns that were annotated to be alternatively spliced in both plants and humans.

Distributions of specific RNA modifications were specific to different types of RNAs and depended on whether the transcripts were undergoing degradation. For example, degrading mRNA transcripts had much higher predicted levels of dihydrouridylation (D), N^6^‐isopentenyladenosylation (i^6^A) and threonylcarbamoyladenosylation (t^6^A) than stable mRNAs. Uncapped, degrading transcripts involved in various stress responses were enriched for HAMR‐predicted modifications, suggesting possible roles in gene regulation and stress responses for these mRNA modifications in *Arabidopsis*.

FUTURE DIRECTIONS AND CONCLUSIONS {#jipb12483-sec-0016}
=================================

The four base constituents of RNA are modified by over 100 different RNA modifications. This additional complexity of RNA is essential for basic functions, such as gene regulation and translation. The *Arabidopsis* epitranscriptome has now been mapped for several RNA modifications, which occur in different locations across transcripts, are inducible in response to abiotic and biotic stresses and have diverse roles in plant development, ranging from subtle (m^5^C) to dramatic (m^6^A) effects on plant growth. While the RNA modifying 'writers' have been investigated in plants, studies on potential 'erasers' and 'readers' are lacking. The *Arabidopsis* genome encodes over 200 RNA binding proteins which serve as potential readers and effectors of outcomes for RNA modifications (Lorkovic and Barta [2002](#jipb12483-bib-0092){ref-type="ref"}). Furthermore, potential *Arabidopsis* 'erasers' from the ALKBH family are yet to be explored for roles in plant development and mediating dynamic regulation of RNA modifications (Mielecki et al. [2012](#jipb12483-bib-0100){ref-type="ref"}). The ALKBH family of dioxygenases has diverse substrate specificities and are not limited to demethylation of adenosine (Aas et al. [2003](#jipb12483-bib-0001){ref-type="ref"}; Jia et al. [2011](#jipb12483-bib-0071){ref-type="ref"}). Specific *Arabidopsis* ALKBH family proteins may also remove additional RNA modifications. Further research is needed to elucidate the mechanisms and functional roles of mRNA modifications such as alternative splicing, and stress responses. Using small RNA guides, it is possible to artificially induce and block m^6^A and Ψ in mRNAs (Karijolich and Yu [2011](#jipb12483-bib-0073){ref-type="ref"}; Chen et al. [2015b](#jipb12483-bib-0030){ref-type="ref"}). This should enable the study of the specific functions of individual RNA modifications. There are many different ways that RNA modifications can affect RNA structure and interactions between RNA, RNA and proteins and even potentially RNA‐DNA interactions (Figure [3](#jipb12483-fig-0003){ref-type="fig"}). The next steps for deciphering the *Arabidopsis* epitranscriptome include Ψ‐seq, mapping 2′‐O‐ribose methylations (Karijolich and Yu [2011](#jipb12483-bib-0073){ref-type="ref"}; Birkedal et al. [2015](#jipb12483-bib-0011){ref-type="ref"}), mapping N1‐methyladenosine (m^1^A) (Dominissini et al. [2016](#jipb12483-bib-0042){ref-type="ref"}), single‐nucleotide resolution mapping of m^6^A (Ke et al. [2015](#jipb12483-bib-0075){ref-type="ref"}), and determining potential reversibility, and the elusive targeting mechanism(s) for RNA modifications.

![**Potential functions of RNA modifications in mediating interactions between nucleic acids and nucleic acids and proteins** RNA modifications have diverse chemical properties and can have different effects on RNA interactions. A spikey, pink ball is used to represent a generic RNA modification. RNA modifications can regulate protein binding to RNA through remodeling of local RNA structure (e.g. 'm^6^A switches'), increasing or inhibiting protein binding. In addition, RNA modifications could potentially affect other types of interactions, such as R‐loops, which are RNA‐DNA hybrids.](JIPB-58-822-g004){#jipb12483-fig-0003}
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